The main discharge product at the cathode of non-aqueous Li-air batteries is insulating Li 2 O 2 and its poor electronic conduction is a main limiting factor in the battery performance. Here, we apply density functional theory calculations (DFT) to investigate the potential of circumventing this passivation by controlling the morphological growth directions of Li 2 O 2 using directed poisoning of specific nucleation sites and steps. We show SO 2 to bind preferentially on steps and kinks on the (1À100) facet and to effectively lower the discharge potential by 0.4 V, yielding a more facile discharge on the (0001) surface facet. Addition of a few percent SO 2 in the O 2 stream may be used to control and limit growth of Li 2 O 2 in specific directions and increase the electronic conduction through formation of interfaces between Li 2 O 2 and Li 2 (SO 2 )-type inclusions, which may ultimately lead to an increased accessible battery capacity at the expense of a limited increase in the overpotentials.
The demand for high-density energy storage solutions for electric appliances has increased the research on metal-air batteries dramatically in recent years. 1 Despite the large success of the Li-ion battery from its early days in the 1990's, there is a signicant push for more energy dense batteries. Even though there is still room for improving the Li-ion battery technology, there are fundamental limitations on how high energy densities can be reached in the frame of the Li-ion technology.
2 Today, one of the main limitations on the applicability of electronic products, such as laptop computers, smartphones and power tools is the time you can work without a recharge. This limitation becomes an even larger factor for electric vehicles (EV), where the competition is from highly energy dense fossil or synthetic fuels.
Of all the metal-air batteries, Li-air is the one with the highest theoretical energy density. It is estimated that if a commercially viable, secondary Li-air battery can be developed, it could have up to an order of magnitude higher energy density than modern Li-ion batteries.
2 A Li-O 2 battery with aprotic solvent was rst shown to be rechargeable in 1996 by Abraham et al., where Li 2 O 2 was formed at the cathode during discharge. 3 The massive interest in Li-air batteries as future, high energy density batteries has resulted in a plethora of publications and signicant new insight, into the fundamental mechanisms and challenges, of aprotic Li-O 2 batteries has been gained in the last few years.
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A number of challenges do, however, remain to be overcome before the Li-air technology will be a practical application. A signicant limitation for high capacity and power density Li-O 2 batteries is the insulating nature of the Li 2 O 2 deposits. With a band gap of 4.9 eV, as obtained from G 0 W 0 calculations, 5 Li 2 O 2 will ultimately limit the electronic conduction from the electrode to the active site. [6] [7] [8] It has been documented that the electronic conduction through Li 2 O 2 becomes limiting for the electrochemical discharge already aer a $5 nm lm is deposited (depending on the current density).
7 Furthermore, it has been suggested that the high impedance of the Li-O 2 cells is the main contributor to overpotential during discharge at reasonable current denisties, 9 meaning that the poor conductivity of Li 2 O 2 not only limits the capacity of the battery but also its efficiency.
An essential aspect of resolving the conduction limitation is to understand the mechanisms governing growth and depletion of Li 2 O 2 on Li 2 O 2 . Computational work by Hummelshøj et al.
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showed that steps on reconstructed (1À100) surface could act as nucleation sites for low overpotential discharge. Subsequent work by e.g. Radin et al., 10, 11 Lau et al. 12 and Mo et al. 13 has shown that a number of other facets have similar surface energies and will likely be exposed, including (0001), (1À100) and (11À20). Recent work by Hummelshøj et al.
14 has shown that the surface termination will depend on potential and can be different under charge and discharge conditions, but kinks and steps on (1À100) and (0001) 18 A detailed control of the directions of growth and the Li 2 O 2 morphology is therefore expected to affect and even postpone the onset of sudden death resulting from lack of electronic conduction.
Large organic molecules such as sodium dodecyl sulfate (SDS) have been used to control the morphology of oxide particles during electrochemical growth. 19 Selective blocking of nucleation sites could, thus, enable preferential growth in directions where the electronic conduction is facile and/or formation of e.g. nanopillars or particles, 20 where surface conduction might be sufficient or it could simply delay the complete coverage of the electrode, in order to sustain the electrochemical discharge. It is well documented in the catalysis literature 21, 22 that sulfur preferentially adsorbs to kink and step sites and here we combine these aspects to proactively control the Li 2 O 2 growth morphology by addition of sulfur rich species during battery discharge. Much research has gone into the development of both primary and secondary Li-SO 2 batteries with high specic energy, 23 as well as recent results on ionic liquid electrolytes have shown great promise. 24 Li-O 2 and Li-SO 2 batteries have nearly identical open cell voltages favoring simultaneous discharge and the presence of SO 2 can also help prevent lithium dendrites formation at the lithium anode. 23 In combination with the anticipated benecial effects on morphological control and improved electronic conduction outlined above, these aspects make it interesting to investigate the effect of SO 2 addition to the Li-O 2 chemistry.
In this letter, we present a computational investigation of the binding of S and SO 2 on kink and step sites of (1À100) and oxygen rich (0001) Li 2 O 2 surfaces and determine the implications for the electrochemical discharge and growth of Li 2 O 2 . The goal of this study is to investigate if selective poisoning can be used to control the growth direction of the Li 2 O 2 deposit and postpone the formation of passivating layers that prevent charge transfer to reactive sites. 4b We use the computational lithium electrode approach 5 to determine the free energy of the reaction intermediates and to identify the preferred reaction mechanisms and the corresponding charge/discharge potentials, where the reaction is no longer exergonic. With the lithium electrode we dene U ¼ 0 V when bulk Li and (Li + + e À )
are at equilibrium, so that at an applied bias the change in free energy during a reaction is shied by ÀneU, where n is the number of electrons that are reacted at the cathode. All calculations presented here were performed using density functional theory (DFT) 25, 26 as it is implemented in the GPAW code, 27,28 using the atomic simulation environment (ASE).
29 GPAW is based on real space grids and uses the projector-augmented wave method (PAW) to describe nonvalence electrons. 30, 31 The RPBE functional is used to approximate the electrons exchange and correlation. 32 For the (1À100) surface calculations we used super cells consisting of 56-64 atoms slab with an approximately 18Å vacuum layer between periodic images along the z-axis. The super cell is sampled with (4,4,1) k-point mesh and the distance between grid points is 0.15Å. For the (0001) surface calculations, the super cells consisted of 121-124 atoms and was sampled with a (2,2,1) k-point mesh and 0.15Å grid spacing. For the atomic structural energy minimization the calculation is continued until all forces are below 0.03 eVÅ À1 . Transition barriers were calculated using the nudged elastic band and climbing image methods.
33-35
To study the reaction of S and SO 2 on (1À100) (Fig. 1 ) and (0001) (Fig. 2) surfaces and the effect their presence has on the Li 2 O 2 growth, we rst calculate the reaction mechanisms for two formula units of Li 2 O 2 at a step on a (1À100) surface, following the approach previously used by Hummelshøj et al. 5, 14 This leaves the surface unchanged and prevents energy differences from changing the concentration of surface defects between the initial to the nal state from inuencing the free energy of the overall reaction paths. We considered 4 step reaction mechanisms on (1À100), For the considered reaction mechanisms we obtain a free energy difference for each of the four reaction steps, DG i , see Fig. 3 . At zero potential all the reaction steps are downhill in free energy, but with an applied potential the free energy difference changes for each step as DG i,U ¼ DG i À eU. For discharge the reaction will start to become limited when the lowest free energy step along the reaction path becomes uphill at the applied potential, U dis ¼ min[ÀDG i /e] ¼ 2.66 V. In the same way it is the largest free energy step that is last to become downhill for the reversed reaction, at an applied potential of U ch ¼ max[ÀDG i /e] ¼ 2.81 V, opening up for charging. The overpotentials for discharge and charge are then given by
As can be seen in Table 1 , atomic sulfur is found to bind preferentially at the step/kink sites on the (0001) surface (see Fig. 2b ) by nearly 0.8 eV compared to the step valley site on (1À100). Trace amounts of S in the electrolyte would therefore poison the step sites on the (0001) facets. In light of the oxidizing conditions at the air electrode, it is, however, expected that SO x , e.g. SO 2 , species will be formed readily. SO 2 is soluble in relevant ether-based electrolytes like DME 37 and SO 2 is seen to bind preferentially by $0.5 eV at the step sites on (1À100) compared to (0001). A reduction of $0.4 eV in the binding energy is seen for SO 2 at higher concentrations, indicating that at low concentration they will spread over the step edges rather than cluster in high concentration islands (see Table 1 ). The presence of SO 2 at the step valley site (see Fig. 1b ) is found to reduce the binding energy of the initial LiO * 2 species (c) compared to the pure discharge. The preferred next step is the addition of the second LiO * 2 species (d), followed by two Li + additions (e) and (f). By completing the growth of Li 2 O 2 at the step, SO 2 is effectively displaced from the step to the less stable terrace site, resulting in a loss in the equilibrium potential of 0.39 eV compared to growth on a clean step, as can be seen in Fig. 3 . The overpotential for discharge is also seen to increase from 0.07 eV to 0.33 eV resulting from a shi in the potential limiting step (see Fig. 1 ). This results in an effective lowering of the discharge potential by 0.54 eV, i.e. from U dis ¼ 2.66 V to U dis-SO 2 ¼ 2.02 V. The overpotential for charge is seen to increase from 0.08 V to 0.66 V and the potential for charge is found to exceed that of the pure system for the calculated mechanism.
We have calculated the transition barrier for SO 2 diffusion between the terrace and the step valley sites on the (1À100) surface. The calculations shows a transition barrier of 3.2 eV going from the terrace to the step, indicating that diffusion of SO 2 between different sites is unlikely, once it has been adsorbed. For adsorption of SO 2 onto the terrace site a small transition barrier of 0.3 eV was seen. It should be noted that the absolute activation and absorption energies will depend on solvation energies in the electrolyte and will require more complex calculations beyond the scope of this letter.
The SO 2 poisoning would thus force the reaction to other pathways with slightly higher overpotential. It is also possible that the charging process may proceed through another mechanism, e.g. as proposed by Peng et al., 38 which has not been considered here.
The concentration of step sites on surfaces differ between materials and the conditions under which they are grown, 21 e.g. the current density for Li 2 O 2 , but only a few percent of a monolayer of SO 2 , i.e. 1-2% SO 2 in the gas feed/electrolyte, should be needed to dramatically reduce the activity of a given facet and change the growth direction. The inclusions of Li 2 (SO 2 )-type species in the Li 2 O 2 matrix may ultimately also improve the electronic conduction through the formation of interfacial defects. 2 (1À100)
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Conclusions
The results indicate that selective poisoning with low concentrations (1-2%) of SO 2 in the O 2 feed or electrolyte will preferentially bind to step edges on the (1À100) facets and limit the initial growth on these facets. The substantial decrease in the discharge potential, lead by the lowering of the equilibrium potential, results in a shi of the Li 2 O 2 growth from the kink sites on (1À100) surface to kink sites on the (0001) surface 14 (see Fig. 2 ). This process may limit rapid growth of passivating 2D platelet/islands, introduce conducting interface regions and postpone the onset of sudden death resulting from loss of electronic conduction. Experimental activities are currently ongoing to quantify which level of increase in accessible discharge capacity can be achieved.
